In this paper, studies into the tactual perception of two liquid material properties, viscosity and wetness, are reviewed. These properties are very relevant in the context of interaction with liquids, both real, such as cosmetics or food products, and simulated, as in virtual reality or teleoperation. Both properties have been the subject of psychophysical characterisation in terms of magnitude estimation experiments and discrimination experiments, which are discussed. For viscosity, both oral and manual perception is discussed, as well as the perception of the viscosity of a mechanical system. For wetness, the relevant cues are identified and factors affecting perception are discussed. Finally, some conclusions are drawn pertaining to both properties.
Introduction
Material properties form a very important part of our perceptual world. For both vision and haptics, the material an object is made of is one of the most salient aspects of the object (Baumgartner, Wiebel & Gegenfurtner, 2013) . For haptic perception of material properties, I have reviewed the literature in a previous issue of this journal (Bergmann Tiest, 2010) , but only as far as solid material properties are concerned. Objects (in a broad sense of the word) can also be liquid or even gaseous. For tactual perception, these other states of matter share some aspects with solids, such as coldness or compliance, but there are some tactual aspects that are unique to liquids: viscosity and wetness. Viscosity refers to the resistance to deformation of the liquid, and is most noticeable when moving a probe (like a spoon) through a liquid, or moving the container about, for example when stirring paint or swirling wine. The wetness of an object is actually not a property of the object itself, but refers to the presence (and amount) of liquid on, or absorbed by, the object, for example a wet sponge. Therefore, similar to viscosity, I classify this as a liquid material property.
Perception of liquid material properties has not received a lot of attention, yet they are of great importance in fields such as food science or cosmetics. In a study involving ten diverse fluids and creams that were applied on the skin, Guest et al. (2012) asked subjects to rate the stimuli on a number of sensory and emotional attributes. Of the sensory attributes, ''wet'' was found to be the one the stimuli differed most in. The authors identified this as part of a ''lubricating'' dimension. Other dimensions identified were ''textured'', ''silken'', and ''viscous'' (Guest et al., 2012) . Of these, the wetness and viscosity dimensions are the two material properties that most clearly define a liquid from a tactual point of view. Furthermore, in the context of virtual reality or teleoperation, the simulation of interaction with liquids is a challenge (Vines, Lee & Mavriplis, 2012) . Also for this purpose, these two properties are of defining importance.
The purpose of the present paper is to review the current state of understanding of the tactual perception of these properties. Since no specific receptor types for either have been identified, nor neural correlates, this review mainly focuses on psychophysical investigations into the tactual perception of viscosity and wetness. First, viscosity is discussed, followed by wetness. Finally, some conclusions are drawn that pertain to tactual perception of liquid material properties in general.
Viscosity
Viscosity can be described as the ''thickness'' of a liquid: wall paint is highly viscous, whereas water is very low in viscosity. From daily life experience, it is clear that viscosity is a liquid material property that is easily perceived tactually. In this section, both physical and perceived viscosity are discussed, and their relationship. This relationship is characterised by several types of psychophysical experiments, such as magnitude estimation and discrimination threshold measurements. In addition, perception of the viscosity of a mechanical system is discussed. 
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Physical viscosity
In the physical sense, viscosity is defined as a liquid's amount of resistance against shear stress (Symon, 1960, section 8-14) . That is, the force necessary for layers of the liquid to move at different speeds. The shear stress is expressed as the force exerted on the liquid by the probe, divided by the surface area of the probe, in units of N/m 2 or Pa. For example, when a solid probe is moved through a liquid, the liquid close to the probe will move at approximately the same speed as the probe itself. In contrast, the liquid close to the wall of the container will be almost stationary. This causes a gradient of moving speeds to exist within the liquid, called the shear rate. The shear rate indicates how quickly the liquid's velocity changes as the position changes perpendicular to the direction of movement. For instance, if the liquid's velocity close to the wall of the container is 1 cm/s, and the liquid's velocity 2 cm further away is 6 cm/s, then the shear rate is (6 cm/s) / (2 cm) = 3 s
À1
. The factor of proportionality between this shear rate and the shear stress is defined as the dynamic viscosity. It is expressed in units of Pa s, or Pascal second. Water has a dynamic viscosity of 1 mPa s, while for instance liquid honey has a dynamic viscosity of 10,000 mPa s. Motor oil has a viscosity in the range of 100 mPa s, and numbers can go up to 10 11 mPa s for pitch. For socalled Newtonian liquids, the viscosity is independent of the shear rate; that is, the viscosity does not change with different movement speeds of the probe. There also exist non-Newtonian liquids, such as corn starch dissolved in water, for which the resistance encountered when moving through the liquid depends strongly on the movement speed. Viscosity is usually measured with a rheometer, which registers the force necessary for moving a plate relative to another with a given speed, with the liquid between them. In addition to a liquid's viscosity, there is also the viscosity of a mechanical system. This is one of the terms in the system's mechanical impedance, which describes the system's resistive force as a function of position, velocity, and acceleration. In this context, viscosity is defined as the factor of proportionality between moving speed and resistive force, expressed in units of Ns/m. Although not actually a liquid material property, it is discussed here as well because of its similarity to the viscosity of a liquid.
Magnitude estimation of viscosity
Magnitude estimation is used to characterise the relationship between the physical intensity of a stimulus and the perceived intensity. For stirred silicone liquids in the range of 10-95,000 mPa s, a power function with an exponent of 0.43 was found (Stevens & Guirao, 1964) . That is, for a doubling of the physical viscosity, the perceived viscosity increases by a factor of 1.34. In a similar experiment, in which subjects directly touched the liquids (various solutions of gum in water), a somewhat lower average exponent of 0.37 was found (Moskowitz, 1972) . The exponents of the power functions for the different types of gum varied substantially, from $ 0:02 for pectin up to $ 0:7 for cellulose gum. The reason for this might be differences in the way the physical viscosity depended on the shear rate (most of the gum solutions were non-Newtonian). Subjects might have used other shear rates than the one used in the analysis of the data. Typical shear rates used for stirring are around 100 s À1 (Shama, Parkinson & Sherman, 1973) , but may range from 1 to 10,000 s À1 , depending on the viscosity of the liquid (Houska et al., 1998) . A very comparable exponent of 0.35 was found using a nearly-Newtonian series of gum solutions in water that were stirred using a glass rod (Christensen & Casper, 1987) . These authors also compared viscosity perception using the fingers directly and using the mouth, resulting in almost identical exponents of 0.33 and 0.34, respectively. We can say that independent of the way of exploration and the type of liquid, a power function with an exponent of $ 0:3-0:4 is a good description of the relationship between physical and perceived viscosity. Remarkably, despite this equality of the exponent, Christensen and Casper (1987) found a shift in the scaling factor for the different exploration methods: perception using oral methods generally yields a higher perceived viscosity than non-oral methods (rod, fingers) for the same physical viscosity. This difference is not likely due to mixing with saliva in the mouth, as saliva has a very low viscosity (Roberts, 1977) , which would only bring the total viscosity down, not up. It is unclear whether the effect is due to differences in receptors or higher-level processes.
Oral viscosity perception has been the subject of some more studies, mainly from the food science community. found shear rates ranging from 1000 s À1 for oral exploration of highly fluid liquids down to an asymptotical value of 10 s À1 for highly viscous liquids. With regard to the relationship between physical and perceived viscosity, a power function with an exponent of 0.29 was found for oral perception of viscosity of aqueous solutions thickened with a food-grade gum (Christensen, 1979) . Perception of higher-viscosity solutions was affected by taste: perceived viscosity decreased with increasing sourness and saltiness, but increased slightly with increasing sweetness of solutions with the same physical viscosity (Christensen, 1980) . Furthermore, swallowing and compression between tongue and palate gave nearly identical results, while slurping resulted in a somewhat stronger dependence of perceived on physical viscosity (Houska et al., 1998) . Incidentally, these authors found a better fit using a logarithmical relationship between physical and perceived viscosity, rather than a power function. Also, they did not confirm the asymptotical behaviour with respect to shear rate found by , but rather found that the used shear rates kept decreasing with increasing viscosity. Finally, viscosity perception seems to be affected by age: in a magnitude estimation study with three age groups, Smith, Logemann, Burghardt, Zecker, and Rademaker (2006) found a power function exponent that decreased from 0.39 for the youngest to 0.27 for the oldest group. All in all, it seems that oral viscosity perception is quite comparable to non-oral viscosity perception, but is somewhat affected by the exploration method, age, and taste.
Discrimination of viscosity
As magnitude estimation is concerned with the relationship between physical and perceived stimulus magnitude, so are discrimination experiments concerned with the smallest difference in stimulus intensity that is still perceivable (i.e. Just Noticeable Difference, JND). For manual viscosity perception, this was pioneered by Scott Blair and Coppen (1939) using balls of bitumen (viscosity in the order of 10 8 mPa s) that were handled underwater.
They found correct discrimination rates of about 80% for viscosity differences of 30%. This corresponds to a Weber fraction (ratio of JND and stimulus magnitude) of 0.3 for manual discrimination. This Weber fraction for highly viscous liquids was confirmed by Bergmann Tiest, Vrijling and Kappers (2013) , who measured viscosity discrimination thresholds over the range of 200-16,000 mPa s. They tested viscosity perception using silicone liquids both by stirring with a spatula and by moving the index finger through the liquid, covered by a rubber glove to prevent mixing of the different liquids. As shown in Fig. 1 , Weber fractions for both conditions go down to 0.3 for higher viscosities. However, for the lower viscosities (<1000 mPa s), Weber fractions are considerably higher, up to 1 for the spatula condition, and much higher still for the finger in the rubber glove, mainly due to a few very high individual thresholds (note also the large error bars). This deviation between the two conditions suggests that the presence of a rubber glove plays a role in viscosity perception. This was confirmed by experiments in the same study in which exploration with a bare spatula was directly compared to exploration with the gloved finger or with a gloved spatula. In those experiments, a discrimination task was used to determine the Point of Subjective Equality (PSE) between different ways of exploration. It was found that with the rubber glove present around the spatula, liquids needed to be much more viscous than without in order to feel equally viscous. In all cases, large biases (72-83%) were found, suggesting that the presence of a glove reduces the perceived viscosity of liquids considerably. Incidentally, in a control experiment, the bare finger condition was compared to a gloved finger, and no difference was found, suggesting that when using the finger, the glove does not play a role. However, compared to a bare spatula, there was a large bias, suggesting that it makes it difference whether the liquid is explored directly or indirectly. This highlights the importance of direct contact with the liquid. Regarding oral viscosity discrimination, Smith, Logemann, Burghardt, Carrell, and Zecker (1997) asked subjects to orally identify mixtures of corn syrup and water, ranging in viscosity from 3 to 2240 mPa s, that were presented on tea spoons. In general, people were able to correctly identify the stimuli, which differed by a factor of three from the previous stimulus in the set, but not always, suggesting that the Weber fraction for oral discrimination in this range is about 2. However, when comparing two types of thickened apple juice as used by people with swallowing disorders, differing a factor of 1.7 in viscosity, Steele, Van Lieshout and Goff (2003) found all of the 16 subjects correct in identifying the more viscous one, both orally and through stirring. This would suggest a Weber fraction of less than 0.7 at around 1000 mPa s. The discrepancy with the value found by Smith et al. (1997) might be due to the thickened apple juice being highly non-Newtonian, and the subjects being professional speech-language pathologists, regularly prescribing such liquids to their patients.
In contrast to the effect on perceived magnitude of viscosity (Smith et al., 2006) , no significant effect of age on viscosity discrimination was found: for discrimination of skimmed milk thickened with starch thickener (viscosity range 45-130 mPa s), an average Weber fraction of 0.84 was found for younger adults (22-35 years), whereas an average Weber fraction of 0.74 was found for the older group (65-87 years), the difference not being statistically significant (Withers, Gosney & Methven, 2013) .
Results from the various studies are summarised in Table 1 . In sum, we can say that although viscosity magnitude estimation is governed by quite comparable exponents between oral and manual exploration, for viscosity discrimination humans are better using their hands than their mouths, the former resulting in Weber fractions of around 0.3 for the more viscous liquids. Also, discrimination seems unaffected by age.
Perception of mechanical viscosity
Though in this sense not strictly a material property, the term viscosity also refers to one of the components of mechanical impedance (the others being stiffness and inertia). In this context, viscosity describes how mechanical resistance depends on the speed of movement: in a mechanical system with a high viscosity, the force necessary to move the system increases strongly with the velocity. Since in terms of haptic perception, the two types of viscosity are quite similar, perception of the viscosity of a mechanical system is discussed here. Using a bilateral matching protocol, Jones and Hunter (1993) found a Weber fraction of 0.34 for mechanical viscosities >30 Ns/m. Below this value, Weber fractions increased up to $ 1, very similar to Weber fractions found in experiments with stirring silicone liquids (Bergmann Tiest, Vrijling & Kappers, 2013) . Although the two types of viscosity are not directly comparable, the same qualitative picture emerges. Jones and Hunter (1993) concluded that the human proprioceptive system is capable of integrating force and velocity information, but in a less sensitive way than would be predicted from its capacity to perceive these types of information separately. Using an identification task, where subjects had to choose whether a presented mechanical viscosity represented a high or a low value, Beauregard, Srinivasan and Durlach (1995) found a Weber fraction of 0.14 for a reference viscosity of 120 Ns/m. This value being considerably lower than that found by Jones and Hunter (1993) suggests that discrimination performance depends on the specific task to be performed. The study found very little dependence on the distance moved. Even lower Weber fractions of around 0.1 for the mechanical viscosity range of 5-45 Ns/m were recently found by Son et al. (2014) in a discrimination study comparing different control strategies for haptic feedback devices. In conclusion, we can say that viscosity discrimination for these mechanical systems depends strongly on the task to be performed, but is more precise than for liquids. The reason for this might lie in the additional interactions that are involved in exploring a real liquid compared to a simplified mechanical system, such as wall effects or the formation of eddies.
Since it appears that viscosity perception of a liquid and of a mechanical system are quite similar, such a mechanical system might be used for simulating the sensation of viscosity of a liquid. Such a system was developed by Höver et al. (2009) , who used a PHANToM Desktop device to render force feedback based on recordings with real liquids at different velocities, that were interpolated. A different approach was used by Vines, Mora and Lee (2009), who used a PHANToM Omni device to provide force feedback based on the Navier-Stokes equations for fluid dynamics. The realism of the feeling of viscosity, as tested using a five-point scale, was rated high, but it is unknown whether performance in terms of discrimination thresholds is similar to that using real liquids.
Wetness
Whereas viscosity has different gradations, wetness seems at first glance a binary property: a substance is either dry or it is wet (which, by definition, makes it a liquid). Thus, physically, wetness may be a very simple liquid material property, namely the defining property of all liquids. However, perceptually, things may not be as simple as that. What makes a substance feel wet? How do we perceive this wetness? How well can we detect differences in wetness? These questions are discussed in this section. Again, the experiments addressing these questions can be divided into magnitude estimation studies and discrimination threshold measurements. But first, some early work is discussed that predates the era of objective psychophysics and takes a more subjective approach.
Early work
Bentley (1900) performed some introspective experiments, asking his wife and a colleague to put their fingers into different liquids and report their sensations, blindfolded. He found that pressure and temperature were the most important aspects of wetness. When these cues were diminished or removed, by warming the liquids to skin temperature and by moving the containers with the liquids slowly upwards around the hand, the sensation of wetness decreased or vanished. He concluded that both cues were necessary for the notion of wetness. Conversely, when the finger was inserted into a rubber sheath immersed in water, without any direct physical contact between the skin and the liquid, a sensation of wetness was evoked. Thus, the cues of pressure and temperature, without any actual moisture, seem to be sufficient for the notion of wetness. Using similar introspective methods, but focused on the perception of clamminess (a lighter form of wetness), Zigler (1923) found that this perception consisted of sensations of cold and a yielding softness, the latter of which can be interpreted as a pressure cue. Eidelberg (1928) reported a number of case studies in which the sensations of wet and dry are reduced due to neural disorders such as Syringomyelia, an affliction of the spinal cord. This was often coupled with a reduced temperature sensation, but not always or in all body parts, suggesting that at a neurological level, wetness may be closely linked to, but not completely dependent on, temperature sensation.
Magnitude estimation of wetness
Clamminess was further investigated by Yamakawa and Isaji (1987) , who performed a magnitude estimation experiment with six different textiles in three wetness conditions and at three different temperatures. The three wetness conditions were dry (1-6% moisture content by weight), moist (7-100% moisture content), and wet (80-640% moisture content). Subjects' ratings in terms of clamminess were compared to measured initial cooling rates, and a correlation was found ðR ¼ 0:67Þ: a higher initial temperature drop was linked to a greater sensation of clamminess. In addition, they found that surface characteristics such as friction, and visual aspects such as diffuse reflection, play a role in perceived clamminess. A more detailed study into the role of moisture content was performed by Sweeney and Branson (1990b) , using a single type of fabric and seven different amounts of water (0.04-0.16 ml). A power function with an exponent of 0.53 was found to link perceived wetness to moisture content.
However, even with the same moisture content, differences in fabric dampness could be perceived (Li, Plante & Holcombe, 1993) : In a magnitude estimation experiment with two types of fabric and five moisture levels (including dry), a highly hygroscopic wool fabric was perceived as dryer than a less hygroscopic polyester fabric with the same moisture content, for all but the zero moisture level. The authors ascribed this to a difference in initial temperature drop that occurs when the fabrics are touched. This temperature drop, and thus the perceived wetness, could be mathematically modelled based on heat and moisture accumulation, transport, and exchange with the air in the different types of fibres. More advanced modelling was undertaken by Wang et al. (2002) , who developed a set of equations relating moisture content, heat transfer, sensory impulses and perceived dampness. In addition, they measured skin temperature changes of subjects rating the dampness of four different fabrics at three moisture levels. Based on this, they calculated thermoreceptor impulse frequencies and found a power function relationship with an exponent of 1.6 between those and perceived dampness. Combining this knowledge with their model, they were able to predict perceived dampness of four other fabrics from fibre properties and human skin parameters with a reasonable accuracy ðR 2 ¼ 0:62Þ. Furthermore, perceived dampness was found to be related to skin temperature, as modulated by physical exercise (Li, 2005) : In a magnitude estimation experiment with subjects walking on a treadmill in simulated rain wearing hydrophobic sweaters, a higher dampness rating was found to be correlated with a lower skin temperature. A logarithmic function with a negative factor seemed the best fit for this relationship ðR 2 ¼ 0:91Þ.
The role of the temperature sensation was further studied by Niedermann and Rossi (2012) , who asked subjects to evaluate the wetness of three fabric types at five time points during the drying of the samples. Only in the last phase of drying were the samples perceived as significantly dryer than at the start. Incidentally, weight measurements revealed that already before this time, all moisture had disappeared. However, the samples' temperature, which had been suppressed below room temperature due to heat extraction by the evaporation process, had not yet returned to room temperature at those times. Since the samples were still perceived as wet, even though no actual moisture was present, the authors concluded that wetness perception depends very much on the thermal sensation.
The question of whether wetness perception can be solely mediated by thermal cues was put to the test by Filingeri et al. (2013) . They applied a thermal probe, producing a cold-dry stimulus, to the forearm skin of subjects who were then asked to rate perceived wetness. The coldest probe induced skin cooling of 12°C in 30 s. Five out of nine subjects reported perceiving wetness, whereas the other four did not. Thus, the perception of wetness can be evoked just by thermal cues alone in some, but not all people, confirming the necessity of mechanical cues as well. The authors went on to investigate the role of both thermal and mechanical cues by applying cold-dry stimuli to back of subjects using different amounts of pressure (Filingeri et al., 2014a) . The strongest perception of wetness was found with a relatively high skin cooling (3.7°C in 10 s) and a relatively low pressure (7 kPa). Stimuli were perceived as being wetter when subjects were exercising than when they were at rest, probably due to an increased overall wetness of the body as a result of sweating during the exercise. Finally, the authors showed that skin cooling is a necessary part of the perception of wetness (Filingeri et al., 2014b ). They applied wet and dry stimuli at temperatures above skin temperature to the back of subjects, who were then asked to rate perceived wetness. Neither wet nor dry stimuli were perceived as being wet, showing that without skin cooling, wetness perception does not occur. Most studies discussed so far were concerned with wetness perception using the fingers or the back. However, wetness perception is equally possible at other body sites (Ackerley, Olausson, Wessberg, & McGlone, 2012) . These authors asked subjects to rate the wetness of pieces of cotton knit fabric with four levels of water content, applied to eight different body sites. They found a significant effect of water content, but not of body site, meaning that all investigated body sites are equally sensitive to wetness, despite differences in receptor density. The authors take this to suggest that the formation of the perception of wetness is a high-level process, independent of the individual low-level thermal and mechanical sensations. However, the fact that the perceived intensity of wetness is independent of body site does not mean that the same holds for discrimination performance. As long as wetness differences are above the discrimination threshold for a particular body site, they may be perceived as equal in magnitude for different body sites, even though the discrimination threshold might differ from site to site. Therefore, the results of Ackerley et al. (2012) do not preclude differences in processing depending on body site, and their conclusions about high-level processes can only be drawn following discrimination threshold measurements.
Discrimination of wetness
From the magnitude estimation experiments discussed above, it is clear that there is a relationship between physical and perceived wetness, but that this relationship is influenced by other factors as well. The question now arises, how well are people able to distinguish different levels of physical wetness? For the shoulder blades, this was assessed by Sweeney and Branson (1990a) , who performed a discrimination experiment using 5 Â 5 cm cotton/polyester blend fabric samples to which different amounts of water were added. They reported an average discrimination threshold of 0.039 ml for a reference stimulus of 0.090 ml, which is equivalent to a Weber fraction of 0.43. The same paper also reports a detection experiment, which yielded an absolute detection threshold of 0.024 ml. It was more than 20 years later until these discrimination measurements were expanded upon . These authors used four different types of fabric and two reference amounts of water (0.5 and 1.5 ml) in their experiment in which they presented stimuli to the subject's left and right inner forearms. The stimuli were 10 Â 10 cm squares of cotton, regular polyester and two types of so-called high-performance polyester fabrics. This refers to newly developed, synthetic fabrics that are designed to have excellent moisture management properties, useful in situations with heavy sweating. The study found average discrimination thresholds for the different materials ranging from 0.19 to 0.26 ml for the 0.5 ml reference stimulus, and from 0.36 to 0.54 ml for the 1.5 ml reference stimulus. These values correspond to Weber fractions ranging from 0.24 to 0.52. Although one may expect to find higher thresholds with the high-performance fabrics, because the wearer should not as readily notice a higher moisture content, this was not actually observed for the low reference amount, and only in one of the two high-performance fabrics for the high reference amount. Another recent development in clothing fabric is the use of phase change materials. These are materials that start to absorb extra heat when their temperature rises above a certain threshold level, effectively cooling the wearer. Bergmann Tiest et al. (2012b) hypothesised that since fabrics treated with these materials cool the skin, they might also feel wet. This was tested in a discrimination experiment, in which subjects were asked to feel treated and untreated 10 Â 20 cm dry cotton knit samples with their left and right hand, respectively (or vice versa), and to indicate which felt wetter. There were two conditions: one in which the fabrics were touched statically, and one in which the fabrics could be picked up and manipulated. Indeed, in 75% (static condition) or 77% (dynamic condition) of the cases did the treated fabric feel wetter, suggesting that the heat extraction was interpreted as wetness.
Another discrimination experiment was used to study the role of thermal and mechanical cues in wetness perception (Bergmann Tiest, Kosters, Kappers, & Daanen, 2012a) . Three different types of fabric were used, and two ways of exploring: the samples were either touched statically, flat on the table, in which case only thermal cues were available; or they were touched dynamically, picked up and manipulated, in which case both thermal and mechanical cues (stickiness of the fabric) were available. As shown in Fig. 2 , average Weber fractions ranged from 0.34 to 0.63 for the static conditions, and from 0.28 to 0.32 in the dynamic conditions. The thresholds were significantly lower in the dynamic conditions, showing that the mechanical cues can be used effectively for improved discrimination performance. There was no statistically significant difference between the three fabric types. Thus, even though different materials with the same moisture content may feel different (Li, Plante & Holcombe, 1993) , the ability to distinguish between different degrees of wetness is largely independent of the material.
Results from the various studies are summarised in Table 2 . All in all, we can say that for wetness perception, the thermal cue of skin cooling is essential, but also the mechanical cues of pressure and stickiness contribute. Skin cooling comes about in two ways: First, when the skin is wet, evaporation of the liquid on the surface extracts heat from the skin, cooling it. Second, when the skin is immersed in a liquid, its thermal conductance, being greater than that of air, will cause an increased rate of heat conducted away from the skin, also cooling it. Thus, either with a thin layer of moisture on the skin, or immersed in a larger volume, wetness will be associated with similar cues of skin cooling. With regards to the mechanical cues, when a finger or hand is immersed in a liquid, there will be an increased pressure on the skin. Since the skin receptors are mostly sensitive to pressure changes, i.e. a difference in pressure between one location and another, this will be most notable at the interface between liquid and air, and be perceived as a 'ring' of pressure around the finger or hand. Also, a liquid sitting as a drop on the skin, or as a puddle in the hand, will exert some mechanical pressure on it. Lastly, when handling a wet object or material, the surface will stick more to the skin than a dry surface does, generating a mechanical force on the skin. All these mechanical interactions contribute to the sensation of wetness, but are in themselves not enough to generate this sensation.
As the types and densities of mechanoreceptors are different between glabrous and hairy skin (Johansson and Vallbo, 1983; Vallbo et al., 1995) , and also the thermal sensitivity depends on the body site (Stevens & Choo, 1998) , one might expect the perception of wetness to also depend on the location on the body. For magnitude estimation, no indication has been found of such a dependence (Ackerley et al., 2012) . However, in discrimination experiments, differences in Weber fraction have been found between the shoulder blades (Sweeney & Branson, 1990a) , forearms , and hands . As these studies are not directly comparable, it is difficult to say whether these differences are statistically significant. Still, it seems likely that the glabrous skin of the hands is most sensitive to differences in wetness, whereas the hairy skin of the shoulders, with a lower innervation density, is less sensitive. Similarly, the dependence of thermal comfort on wettedness, a measure of heat flux due to sweat evaporation, has been found to be different at different body sites: it is more sensitive at the extremities (arms, thighs) than at the trunk (Fukazawa & Havenith, 2009 ). This also suggests that wetness is perceived differently depending on body site.
As we have seen, perceived wetness depends on physical wetness according to a power function with an exponent of about 0.5. It is modulated by the properties of the touched object, the skin temperature, the pressure on the skin, but not by the body site. Finally, wetness discrimination seems possible with a Weber fraction of around 0.3, making it quite comparable in that respect to the other liquid material property, viscosity.
Conclusions
Both liquid material properties that are relevant to tactual perception, viscosity and wetness, are characterised in terms of magnitude estimation and discrimination experiments in a broad range of experimental conditions and using different exploration methods. For the relationship between physical and perceived intensity, it seems that wetness has a somewhat stronger dependence than viscosity does, but both are characterised by a decreasing slope with increasing magnitude. Regarding discrimination of different magnitudes, performance for the two properties is very similar, with Weber fractions around 0.3. This is substantially higher than for some other tactually perceived properties, such as weight, length, or temperature. This probably reflects the fact that the liquid material properties discussed here are not basic sensory properties, but have to be integrated from more basic sensations, such as force and velocity in the case of viscosity, or temperature and pressure in the case of wetness.
Regarding the cues involved in the perception of liquid material properties, we have seen that both cutaneous and kinaesthetic information play important roles for both properties: in viscosity perception, the force required to move a probe or the finger through the liquid can be perceived both kinaesthetically and cutaneously, but direct skin contact seems to be essential for the best performance. We can speculate that the sensation of the pressure distribution over the skin provides information about the liquid's shearing. For wetness perception, the temperature information is of course a cutaneous input, but also the mechanical stickiness can be sensed cutaneously, as well as kinaesthetically. All these cues are combined to form a percept of liquid material properties, but how this is done exactly is still a matter of some debate.
In terms of artificially generating these sensations, for the purpose of virtual reality or teleoperation, the basic knowledge and requirements seem present, but practical, functional systems for displaying all aspects of liquid material properties are still lacking. This is most likely due to the difficulties in integrating many different types of sensory feedback in a single system. Still, with the ongoing developments reported in this review paper, we may envisage a system displaying the sensation of interacting with a liquid, both in terms of viscosity and wetness, in the near future.
